Abstract. The CONNIE experiment uses fully depleted, high resistivity CCDs as particle detectors in an attempt to measure for the first time the Coherent Neutrino-Nucleus Elastic Scattering of antineutrinos from a nuclear reactor with silicon nuclei. This talk, given at the XV Mexican Workshop on Particles and Fields (MWPF), discussed the potential of CONNIE to perform this measurement, the installation progress at the Angra dos Reis nuclear power plant, as well as the plans for future upgrades.
Introduction
The Coherent Elastic Neutrino-Nucleus Scattering (CEνNS), is a Standard Model (SM) process where a neutrino, or antineutrino, interacts with a nucleus as a whole entity [1] . It arises from the coherent enhancement of the interaction cross-section with the constituent nucleons, when the 4-momentum transfer is small compared to the reciprocal of the nuclear size: |q 2 | < 1/R 2 ; in the laboratory frame, this corresponds roughly to incident neutrino energies E ν < 50 MeV. Its differential cross-section, to lowest order in T /E ν , is [2] dσ dT where T is the nuclear recoil energy, G F is the Fermi constant, M is the mass of the nucleus, Z, and N are the number of protons and neutrons in the nucleus respectively, θ W is the weak mixing angle, and f (q 2 ) is the nuclear form factor, which is a function only of the 4-momentum transfer q 2 = 2E ν T M/(T −E ν ). Integration of Eq. (1) over T with the approximations f (q 2 ) ≈ 1 (valid for E ν < 20 MeV), and sin 2 θ W ≈ 1/4, yields a total cross section as a function of neutrino energy:
This process has never been observed experimentaly, primarily because, in addition to its small cross-section (O ∼ 10 −41 cm 2 ), the nuclear recoil energies involved are very small (<∼15 keV), and escape the capabilities of most sufficiently massive detectors. Many detector technologies used in direct WIMP dark matter (DM) searches, combining low thresholds with large target masses, have been considered for the detection of CEνNS. Such DM experiments are expected to eventually reach the sensitivity to the "neutrino floor": an irreducible background from the coherent scattering of solar, atmospheric and difuse supernova neutrinos [3] .
Recent developments in the technology of Charge Coupled Devices (CCD) have made it possible to build and operate detectors with very low thresholds (of order ∼10 eV) and relatively large sensitive mass (∼5 g per CCD); these have been successfully used in the DAMIC experiment [4] at SNOLAB to perform direct DM searches in the low mass region < 10 GeV/c 2 , demostrating the unique capabilities of CCDs for the detection of low-energy recoils.
The Coherent Neutrino Nucleus Interaction Experiment (CONNIE) is a detector of solidstate technology installed at a nuclear reactor with an array of CCDs at its core, designed to observe the CEνNS reaction for the first time. In 2014 a prototype detector was installed at one of the reactors at the Angra dos Reis nuclear power plant in Brazil, where the characterization of the detectors response to the backgrounds is being studied.
The CONNIE CCDs
The CCDs are developed by the LBNL Microsystems Laboratory. They are fabricated on highresistivity (10-20 kΩ cm) silicon, which allows their operation at full depletion with moderate substrate voltages. The sensitive area is divided into several million square (15 µm×15 µm) pixels, reaching a few tens of square centimeters, and thicknesses up to ∼ 650 µm, providing detector masses of a few grams per CCD. They exhibit very low charge transfer inefficiencies and dark current when operated at low temperatures (∼ 140 K). The energy response to electronic and nuclear recoils has been extensively studied [5, 6, 7, 8] . The CCDs are packaged in supporting structures and bonded to flex readout cables, as shown in Figure 1 produce point-like events where ionized charge diffuses over one or a few neighboring pixels as it is drifted towards the CCD gate electrodes. These "diffusion limited hits" are expected from nuclear recoils such as those produced by the coherent neutrino-nucleus scattering.
Prototype installation at Angra-II
The prototype CCD array in the initial installation (2014 to mid 2016) has four 4k×2k pixel (8 Mpix) CCDs, each with a thickness of 250 µm, an area of 6 cm×3 cm, and a mass of ∼ 1 g. These are "engineering grade" sensors having several defects and significant contamination from U and Th in the AlN substrate used in the package design; they were deployed with the purpose of testing the system operation at the reactor site, and have preliminary estimates of the environmental background. Only two of the sensors were of sufficient quality for the background analysis. The CCDs are stacked in a high purity copper box, see Figure 2 (a) kept at a temperature of −140 • C inside a vacuum vessel (10 −7 torr). A 15 cm-long lead cylinder inside the vessel shields the CCD array from gammas coming from radioactive contaminants in the readout electronics. A radiation shield was installed in two phases: Phase-I consisting of an inner 30 cm layer of polyethylene followed by 5 cm of lead, and Phase-II consisting of an additional 10 cm of lead (totaling 15 cm of Pb) and an outer 30 cm layer of polyethylene. The concept of the full shield is shown in Figure 2 (b) . A picture of the inside of the container with the final installation of the detector, electronics, and support systems is shown in Figure 2 (c) .
The detector is located at a distance of 30 m, see Figure 3 (a) and (b), from the core of the Angra-II reactor of the Almirante Alvaro Alberto nuclear power plant in Angra dos Reis, near Rio de Janeiro, Brasil. It is housed in a standard shipping container outside the main reactor building. The Angra-II reactor is a 3.95 GW th Presurized Water Reactor, and generates ∼ 8.7 × 10 20ν e s −1 . At the detector location this corresponds to ∼ 7.8 × 10 20ν e cm −2 s −1 , coming mainly from β decay chains of the products of the fragmentation of fissile isotopes 235 U, 238 U, 239 Pu, and 241 Pu, and n-capture processes in the reactor core (avg. fission rate of ∼ 1.2 × 10 20 fis/s). The antineutrino flux expected from the reactor is shown in Figure 3 (c).
Expected event rates and forecast
Convolution of the antineutrino energy spectrum in Figure 3 (c), with the differential cross section in Eq. (1) yields the nuclear recoil energy spectrum. This is converted into the measured spectrum by means of the quenching factor Q(T ), relating the "measured" energy, T m , to the recoil energy, T , via T m = T Q(T ). Event rates are then calculated as a function of the detection threshold, T thr , by integration of the measured energy spectrum weighted by the detection efficiency. Details of the event rate calculations and the efficiency estimate assumed here are given elsewhere [9] . The left-hand side plot in Figure 4 compares the expected recoil energy spectrum and the spectrum of measured energies assuming the Lindhard [10] quenching factor with (green dashed line) and without (red dashed line) the effect of the detector efficiency. The right-hand side plot shows the total event rate as a function of the threshold, T thr , for different choices of Q showing a weak dependence on the details of the quenching factor. From these calculations a signal rate of 16.15 evt/kg/day is extracted, using the Lindhard quenching factor and the estimated efficiency. As shown in the right-hand side plot, the contribution to the total number of signal events above 300 eV is negligible, hence defining a signal region from ∼ 28 − 300 eV. Earlier studies have shown that with passive shielding at shallow depths, a background rate at sea level of ∼ 600 evt/day/keV/kg can be achieved [11] ; over the expected signal region this amounts to a background contribution of 163.2 evt/day.
Forecast for a 52 g detector
For the purpose of evaluating the potential of CONNIE, in what follows we assume a 52 g detector array (ten 8 Mpix CCDs with 650 µm and fiducial mass of 5.2 g each) running for T days. As shown in [9] , in such a detector we expect a signal rate of ∼ 0.84T events, and a background rate of ∼ 8.5T events. Adding a rate of false positive events of ∼3.8 evt/day due to readout noise values above the threshold gives a total of ∼ 11.68T background events. The significance of a given signal can be calculated as a function of the running time by the expression N σ = 0.84 T / √ 11.68 T = 0.25 √ T . Table 1 shows the running time in days required to reach a given level of significance with this setup. A ∼ 3σ significance can be achieved with 150 live days under the above assumptions. 
Timeline
Plans to deploy a CCD-based detector making use of the available space already aproved for the Angra-Neutrinos project at the Angra-II reactor site began in 2013. The detectors were tested and packaged at Fermilab during 2014. The fully assembled vacuum vessel (containing the CCDs), the cooling and vacuum systems, and the readout electronics, were all shipped from Fermilab to Rio de Janeiro on August 2014, arriving (by sea) on September. The installation of the system took place from October through November; producing the first images of events for background studies as early as December. The full (lead+polyethylene) shield was assembled during July and August of 2015. From August through September, 2015 more than a month of reactor-on data were acquired with the full shield in place. From September through October, ~ 28 -300 eV Figure 4 . Left: The expected recoil energy spectrum (blue dashed line); the visible energy spectrum assuming a Lindhard Q factor (red solid line); the visible energy spectrum with Lindhard Q factor and the effect of the detector efficiency (green dashed line). Right: Total event rate as a function of the energy threshold for various quenching factors. The shaded area shows the expected signal region for a threshold of 5σ RM S 28 eV, and realistic quenching factors. Adapted from [9] .
2015, one full month of reactor-off data were collected during a scheduled refueling outage. These data sets constitute the first CONNIE engineering run, whose results have been published since the time of this conference [12] .
Summary and outlook
The low noise and low threshold of CCDs make them an ideal detector technology for the measurement of low energy depositions such as those expected from the coherent scattering of neutrinos off nuclei. The CONNIE Collaboration has been operating a prototype CCD detector at the Angra-II reactor in Brazil since December of 2014, and has taken data with different shield configurations, and with the reactor on and off. Results have been published since the XV MWPF [12] demonstrating the feasibility of the operations and background stability. The current setup is not expected to distinguish the coherent neutrino scattering events, only to demonstrate operations at the reactor site and measure environmental backgrounds and stability. Plans for upgrade to a CONNIE100 are ongoing.
Update since the XV MWPF
The collaboration plans to conduct an upgrade to a 100 g detector (CONNIE100) during 2016. The plan includes an upgrade of the packaging design that will reduce the intrinsic background of the detector (e.g. removal of the AlN substrate). It will incorporate a total of 18 engineering grade sensors of superior quality, with 675 µm thickness and 5.7 g of active mass per CCD. The upgraded detector should achieve sensitivity to the SM neutrino-nucleus coherent scattering as discussed in [9] .
